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distance between mid-chord and elastic axis in semi-
chords, positive toward the trailing edge
aerodynamic matrix
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full chord of the airfoil
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mass of airfoil per unit span

free stream Mach number

mass matrix

total aerodynamic 1ifting force

total aerodynamic moment about pitching axis
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NOMENCLATURE (Continued)

1/2
(Ia/mbz) , radius of gyration about elastic axis

(ah - xp)/2

airfoil static moment about elastic axis

free stream velocity

distance between mid-chord and pitching axis in semi-
chords, positive toward the trailing edge

S/mb, distance between elastic axis and center of mass
in semi-chords, positive toward the trailing edge

pitching degree of freedom, positive in nose-up direction
induced angle of attack

ratio of specific heats

h/c

unsteady perturbation parameter

flutter eigenvalue

m/npbz, airfoil-air mass ratio

h/b

free stream air density

ratio of airfoil thickness to chord length

disturbance velocity potential

flutter frequency of harmonic oscillation

(k, /m) /2

(ku/Ia

, uncoupled plunging frequency

)]/2, uncoupled pitching frequency

reference frequency set equal to unity
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SECTION 1
INTRODUCTION

In recent years, there has been an increasing trend that aircraft be

operated at a speed in high subsonic or transonic regimes. When an airfoil

is operated at a speed in the transonic region, shocks form on the airfoil

—

which result in an increase in the drag forces and a loss in 1ift force due
- to boundary layer separation. Consequently, there has been a need for
improvement in the design of conventional airfoils to reduce such deficiencies
{ and supercritical airfoils have been developed. These advanced airfoils can
& delay the drag rise Mach number and give higher 1ift coefficients.

The scope of this report is to study the flutter characteristics of a ;

‘,; supercritical airfoil in the transonic regime. The airfoil chosen is a MBB :
‘ A-3 airfoil designed by Messerschmitt - Bolkow - Blohm of the Federal Republic ]
of Germany.
1.1 Developments of Supercritical Airfoils
Early Titerature regarding the development of the concept of supercritical
airfoil can be found in References 1 and 2. There has been extensive research,
conducted both theoretically and experimentally, in the development of ‘
' supercritical airfoils, g

Among the supercritical airfoils developed, the airfoil of the F-8
aircraft is one that has been studied more extensively. A detailed report of

such developments is given in Reference 3. This supercritical wing was obtained

O,“

by modifying the conventional wing of TF-8A airplane. The new configuration was

experimentally developed in the eight-foot Transonic Pressure Tunnel at the
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NASA-Langley Research Center. It was designed for optimum cruise at a
Mach number of 0.99. With this wing the practicality of the supercritical i
wing concept was demonstrated by flight tests. The wing demonstrated a :
delayed drag rise Mach number and a high buffet-free 1ift coefficient.
Reference 3 has also provided the F-8 wing flight pressure, boundary-layer
and wake measurements, and comparisons with wind tunnel data.
A comprehensive account of the studies of supercritical airfoils can be

. found in the AGARD Conference Proceedings (No. 35) on "Transonic Aerodynamics"

in 1968. In an introductory paper (Reference 4), Nieuwland and Spee discussed

the existence of transonic shock-free flow. The main purpose of the paper i

was to present some facts about the fundamental theorems, the time dependent g'

stability aspects, and the experimental data for the transonic potential flow. '
In Reference 5, Vincent de Paul discussed experimental research on super-

critical wing profiles. A family of symmetrical airfoils was selected. The

main purpose was to study some upper-surface velocity distributions having

a peak near the airfoil leading edge. The studies included both subsonic

and transonic Mach numbers.

In Reference 6, Magnus, Gallaher, and Yoshihara discussed an inviscid

o w

supercritical airfoil theory. A finite difference scheme with a concept of ar- :
tificial viscosity to account for shocks was presented for computing the

steady planar flow over a prescribed 1ifting profile. With this method, shock
waves acquire a steep profile appearing at their correct location with proper

jump conditions fulfilled. Two examples were given. The first example showed

0"

the flow at M_ = 0.85 over a biconvex airfoil of 8.4% thickness-to-chord ratio

at zero angle of attack. Through this example, the ability of the procedure

:m w‘ + ———r

to evolve shock waves was demonstrated. In the second example, a blunt-nosed




shockless profile at zero angle of attack was considered. Results included a
discussion of the stability of the shockless flows.

In Reference 7, Lock and Fulker discussed an experimental procedure for
designing supercritical airfoils. In the paper, the authors first briefly
discussed results on supercritical airfoils designed at the National Physical
Laboratory and Royal Aircraft Establishment of the United Kingdom. Then they
described the design of a basic airfoil, together with some modifications to
it, which were successful in improving its performance at both high and low
speeds. It was shown that the best of these airfoils, with thickness-to-chord
ratio of 0.105, has a drag rise Mach number of 0.8 at a 1ift coefficient of 0.5.
The supercritical airfoil has a maximum 1ift coefficient of 1.2 at low speed.
The authors compared their experimental results with the theoretical calculations
obtained by the finite difference method of Bauer, Garabedian, and Korn which
included a partial allowance for viscous effects. They concluded that the
theoretical methods needed further improvement before they could be used with
confidance for practical purpose.

A detailed description of the design and analysis of supercritical wing
sections is given by Bauer, Garabedian, and Korn in References 8, 9, and 10
with Jameson being another author in Reference 9. 1In Reference 8, the authors
presented a mathematical theory based on the finite difference scheme for the
design of supercritical wing sections. They presented a computer program for
the analysis and also illustrated the method by examples. Several shockless
airfoils were designed and tested in the wind tunnel. Their theoretical
results established satisfactory agreement with the experimental results.

In Reference 9, the work carried out in Reference 8 was modified and

was presented in a more definitive form. The authors improved the design of
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the trailing edge by which a 1ift increase of 15 to 20 percent was obtained.
The improved method has provision to handle supersonic as well as subsonic

free stream Mach numbers, and to capture the shock wave as far back on an

airfoil as required. Moreover, the method led to an effective three-dimensional

program for the computation of transonic flows past an oblique wing. Detailed
comparisons were made with experimental data. The comparisons were favorable.

The work presented in Reference 10 was a sequel to the two earlier
References (8 and 9). New mathematical techniques for the design and analysis
of a supercritical airfoil were incorporated into the computer code. The
advanced mathematical approach made it possible to assign the pressure as a
function of the arc length and then obtain a shockless airfoil that nearly
achieves the desired distribution of pressure. This tool enabled them to
design families of transonic airfoils more easily both for airplane wings
and for compressor blades in cascades.

The iterative process employed in Reference 10 can be summarized as
follows: (1) The airfoil is prescribed and mapped onto the unit circle. The
free stream Mach number is specified and either the coefficient of 1ift or the
angle of attack can be prescribed; (2) The flow calculations are executed
for a fixed number of cycles; (3) A boundary layer correction is computed and

added to the original airfoil to give a new profile; and (4) The profile is

mapped onto the unit circle. Steps 2 through 4 are repeated till a satisfactory

profile is obtained. The authors illustrated the method with examples.

Results compare well with those from experiment.

In a recent paper (Reference 11), Sobieczky, Yu, Fung, and Seebass presented

a new method for designing shock-free transonic configurations. The method is

based on the principle that if the hodograph method works for specified flow
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and airfoil parameters, it will also work for a shock-free configuration.

Using this method,the authors developed a computer program that can design a
two-dimensional inviscid flow potential airfoil in a few seconds of CDC 7600 f
CPU time. They illustrated the method by designing a supercritical airfoil é

which is based on the conventional airfoil NACA 64A410. |

3 1.2 Developments in Unsteady Transonic Aerodynamics

Due to the fast growth of digital computers, advances in the numerical :
computational methods of a transonic flow field around oscillating two- ,
dimensional airfoils have been extensive. Many computer programs have been
developed based on these methods. A brief survey of these developments can %
be found in, for example, Reference 12. It was observed in Reference 12 that |
the computer programs STRANSZ and UTRANS2 developed by Traci, Albano, and Fayr
(Reference 13) and the LTRAN2 developed by Ballhaus and Goorjian (Reference 14)

can be efficiently used to obtain unsteady transonic aerodynamic data.

The computer programs STRANSZ and UTRANS2 use a harmonic analysis method

to solve the two-dimensional, moderate-frequency, small-disturbance transonic

equations. The unsteady aerodynamic equations are linearized with respect to
time. Thus the unsteady solution is treated as a small linear perturbation
over a nonlinear steady state solution. The position of the shock is fixed at
the steady state position throughout the analysis. In these programs, both

a steady and unsteady aerodynamic equations are solved by a mixed differencing
line relaxation procedure.

On the other hand, the computer program LTRANZ is based on the time
- integration method. This program solves the two-dimensional, Tow-frequency,

small-disturbance transonic equation. The solution for the steady part is

obtained by successive line over-relaxation method (SLOR). The solution for




the unsteady part is obtained by an alternating-direction implicit finite
difference algorithm. In this program the shock is allowed to move during
the unsteady analysis.

In the present study, both STRANS2/UTRANS2 and LTRANZ2 computer programs

were used to obtain the required aerodynamic data.

1.3 Developments in Transonic Aeroelasticity of Conventional Airfoils

Following the recent advances in computational aerodynamics of transonic
flows, the research in aeroelastic applications has begun. A detailed account
of such research can be found in, for example, References 12 and 15. A
comprehensive state-of-the-art review of the developments in transonic aero-
elasticity is given by Ashley in Reference 16.

In Reference 12, flutter analysis of two-dimensional and two-degree-of-
freedom airfoils in small-disturbance unsteady transonic flow was carried
out. Flutter results were obtained for flat plates, a NACA 64A006 airfoil,
and a NACA 64A010 airfoil by simultaneously using two transonic aerodynamic
computational codes: (1) STRANS2 and UTRANS2 based on harmonic analysis, and
(2) LTRAN2 based on the time integration method. The results were presented
as plots of flutter speed and the corresponding reduced frequency versus
one of the four parameters: airfoil-air mass ratio; position of mass center;
position of elastic axis; and free stream Mach number. On each plot, several
sets of curves for different values of plunge-to-pitch frequency ratio are
shown simultaneously. The contents of the report illustrate the application
of transonic computer codes to flutter analysis.

In Reference 15, an aeroelastic response analysis of two-dimensional
single- and two-degree-of-freedom airfoils in low frequency, small-disturbance

unsteady transonic flow was carried out. The computer code LTRAN2 was employed
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to obtain the aerodynamic forces. Aeroelastic responses were obtained for

flat plates (single- and two-degree - of-freedom) at M_ = 0.7 by the linear
part of LTRAN2. The NACA 64A006 airfoil at Mach numbers of 0.88 and 0.85 was
also analyzed. The response results obtained for two-degree-of-freedom systems
for neutrally stable conditions were correlated with those obtained by the

U-g method. Results also included stable and unstable response curves and
their variation with altitude. The validity of the principle of superposition

of airloads in transonic speeds was evaluated in the example studies.

1.4 Developments in Transonic Aeroelasticity of Supercritical Airfoils

Based on the steady aerodynamic data, the supercritical airfoils have
proven to be more efficient than conventional airfoils in the transonic regime.
However, it is of more practical interest to compare the unsteady aerodynamic
data between the two types of airfoils. In that case, aeroelastic characteristics
of the two types of airfoils can be studied and compared and more useful
conclusions can be drawn. Studies of the aeroelastic characteristics of
supercritical airfoils have begun recently.

The first significant experimental study on aeroelastic characteristics :
of a supercritical wing was by Farmer and Hanson (Reference 17). A wind
tunnel study was conducted to investigate flutter characteristics of two
dynamically similar wings: one with a supercritical and the other with a
conventional airfoil. The two wings had the same planform, same maximum

thickness-to-chord ratio, and nearly identical stiffness and mass distributions.

The flutter boundaries of the two wings were measured and compared with those
4 obtained from a subsonic 1ifting surface theory. It was found that the theory

and experiment correspond well up to M_ = 0.85. Analytical results did not

indicate the large transonic dip found experimentally for both wings. It
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F was also found that the experimental flutter boundaries of the two wings were
nearly identical up to M_ = 0.9, after that the supercritical wing experienced
a much more pronounced transonic dip.

In Reference 18, McGrew et al. carried out a theoretical aercelastic anal-
ysis on supercritical wings. They developed transonic methods by correcting sub-
sonic oscillatory aerodynamic influence coefficients obtained by the doublet
lattice method for use in flutter and aerodynamic response analysis of super-
critical wings. The corrections were based on steady transonic measured data.
The methods were applied to a TF-8A flutter model and a YC-15I1 prototype air-
craft and the results were compared with test data. It was confirmed that
supercritical wings exhibit significantly lower flutter speeds than a conven-
tional wing of equal size and rigidities in the high transonic region. It was
also demonstrated that these lower flutter speeds could be accurately predicted
if the doublet lattice unsteady aerodynamics were properly weighted by the

relevant test data.

In Reference 16, Ashley studied the flutter characteristics of a typical

section of the TF-8A supercritical wing taken from the 65.3% semispan station.
The required aerodynamic data were taken from the wind tunnel test results
available from NASA (Reference 3). The selected airfoil section was assumed to

have two degrees of freedom, pitch and plunge. The free stream Mach numbers 1

considered were 0.5, 0.8, 0.89, 0.95, and 0.98, respectively. Results were pre-
. sented as plots of flutter speed versus airfoil-air mass ratio. The influences
of Mach number, section normal force coefficient, shock phase lag, and amplitude

of shock displacement on flutter speeds for varying airfoil-air mass ratio were

considered in detail. It was shown that the flutter speed decreases with the

increase in Mach number, section normal force coefficient, shock phase lag, and

amplitude of shock displacement, for airfoil-to-air mass % !
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3 ratio varying between 5C and 200. Results also included curves to exemplify
the effect of various aerodynamic approximations. Finally, a flutter curve
‘ was presented which simulates testing in a facility 1ike the NASA Transonic

Dynamics Tunnel.

é 1.5 Flutter Analysis of a MBB A-3 Supercritical Airfoil

b The purpose of this study was to investigate the flutter characteristics
of a MBB A-3 supercritical airfoil. The configuration is one of the AGARD

i standard airfoils suggested for aerocelastic applications of transonic unsteady
[ : aerodynamics (Reference 19). ?
i The steady aerodynamic results were obtained hy both STRANSZ and L7TRANZ ]

in the form of pressure plots on upper and lower surfaces. The unsteady results

were obtained by UTRANS2 (harmonic method) and LTRAN2 (time integration riethod)

in the form of 1ift and moment aerodynamic coefficients at varicus values of
reduced frequency.

The study was first conducted by considering a case at design Mach number
of 0.765 and zero mean angle of attack. Two parallel sets of results for steady
pressure distributions, unsteady aerodynamic coefficients, and flutter speed
curves were obtained by simultaneously using the two separate computer programs.

The two sets of results are in good agreement. The characteristics and trends

T r—— g T——— -

of the tables and curves are discussed. The effect of each aeroelastic parameter
. on flutter speed curves is also discussed in this report.
The design conditions of the MBB A-3 supercritical airfoil are: M = 0.765,
angle of attack o = 1.3% and steady 1ift coefficient C2 = 0.58. From the
- steady pressure computations, it was found that at the design Mach number of

0.765 the angles of attack required to produce the design 1ift coefficient of

0.58 were 0.75° and 0.42° by STRANS2 and LTRANZ, respectively. Hence, flutter
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analyses were performed separately by using angles of attack of 0.75° and
0.42° for the two respective computer programs. Results were obtained and
discussed in a fashion similar to that performed in the case of zero mean
angle of attack.

In order to study the effect of camber on flutter results, a MBB A-3
airfoil without camber was considered. Flutter analyses were performed for
design Mach number of 0.765 and at angles of attack of 0.75° and 0.42° for
STRANS2/UTRANS2 and LTRAN2, respectively. The results show that the camber
has a beneficial effect in increasing the flutter speeds.

It was also of interest to study a conventional airfoil of the same
maximum thickness-to-chord ratio (8.9%) as that of the MBB A-3 supercritical
airfoil. As suggested by AFFDL, a NACA 64A010 airfoil scaled down to 8.9%
maximum thickness-to-chord ratio was selected. Similar flutter analysis as
mentioned above was carried out for this airfoil. The aerodynamic and flutter
results are compared with those obtained for the MBB A-3 supercritical airfoil,
with and without camber.

In order to investigate the effect of Mach number, flutter analysis was
also carried out for the MBB A-3 supercritical airfoil at five different Mach
numbers: 0.7, 0.72, 0.74, 0.765, and 0.78. The angle of attack was assumed
to be zero. Flutter curves are presented as plots of flutter speed and the
corresponding reduced frequency versus Mach number for various values of
different aeroelastic parameters. The "transonic dip" phenomenon is observed

and the comparisons of the curves by the two computer programs are favorable.

10
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SECTION II

TRANSONIC FLOW EQUATIONS

Developments of numerical procedures for obtaining practical solutions
for the unsteady flow around two-dimensjonal airfoils have been extensive.
A number of solution procedures have led to successful transonic codes. The
computer codes based on time integration method and harmonic method are two

among them. In this section the aerodynamic equations employed in the two

codes are discussed.

2.1 Unsteady Two-Dimensional Flow Equation for Transonic Flow

The simplified basic aerodynamic equations, following the assumptions
that the flow is two-dimensional, inviscid, transonic (M_ = 1), and that the
velocity disturbances are small compared to the free stream velocity U, can

be deduced from the general equation of continuity of gas dynamics as

oy
O N

2 2
Mo dpp * 2k Moo = Voo, ¢t vy (1

where kC = wc/U is the reduced frequency; M_ is the free stream Mach number;
2

o«

¢ is the disturbance velocity potential; Vc =1 -M (v + 1)M2 ¢X; m is a
function of M_; and v is the ratio of specific heats.

In deriving the above equation, the coordinate system is fixed with
respect to the airfoil, and x is aligned with the free stream direction. The

flow is defined as locally subsonic or supersonic, relative to the fixed

coordinate system, for VC>O or Vc<0’ respectively. A measure of the degree of

unsteadiness is given by the reduced frequency kc when t'.e airfoil is oscillating

periodically with a frequency w.

1
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Several numerical approaches have been developed for the solution of

transonic flow fields governed by Equation 1.

2.2 Harmonic Method
In the harmonic method it is assumed that the flow field for some

sinusoidal body motion of frequency w can be expressed in the form

iwnt 2.2

d(x,y,t) = ¢0(x,y) + ecp](x,y)e + e <1>1(x,y)e”"t

+ higher-order terms (2)

where ¢ is the disturbance velocity potential, and ¢ is related to the
amplitude of body motion. For purely subsonic or supersonic flows, the
sinusoidal motion produces a sinusoidal response ¢ at the same frequency and
all higher-order terms are zero. This is not true in the transonic case, in
which a higher harmonic content in ¢ results because the governing equations
are nonlinear. However, if the amplitudes of motion are assumed to be very
small (e << 1), terms of order e2 or higher can still be neglected. Hence,

equation 2 can be written as

p(x,7,t) = 8 (x,y) + eby(x,y)e™" (3)

In Equation 3, the solution for ¢4 depends on the mean steady-state
solution 90" In this equation it is implied that the unsteady solution is a
small linear perturbation about some nonlinear steady state solution. 1In
other words, the unsteady solution is linearized with respect to time.

Equation 3 has the advantage that ¢; can be computed using essentially
the same well-known finite-difference relaxation algorithms used to compute

the mean steady state solution 9o Based on this approach,Traci et al.

12
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(Reference 13) developed computer programs STRANSZ2 and UTRANS2 that can solve

the steady and unsteady aerodynamic equations, respectively. Because of the
elliptic/hyperbolic characteristic of the governing equations for the steady
and unsteady perturbation velocity potentials, the mixed differencing line
relaxation procedure of Murman and Cole was used for steady and unsteady
computations. These programs are used in the present report to compute

aerodynamic data for flutter analysis.

2.3 Time Integration Method

In the harmonic method, a time linearized assumption is used to obtain
the unsteady solution. Such method constrains the shock wave to its steady-
state position. As an alternative and more complete solution, Ballhaus and
Goorjian (Reference 14) proposed to use the time integration method to obtain
an unsteady transonic solution. In this method, the shock movements can
accurately be treated. Also, there is no need to linearize the aerodynamic
equations with respect to time in the unsteady part.

As a further simplification of Equation 1, the frequency of the transonic
2 2/3

flow can be assumed as low so that kC =1 - M =1 << 1. Equation 1 may
then be reduced to
2 -
2k M°¢ Voo, + ¢ (4)

Clotxt  TCUXX yy

where 1 is the thickness-chord ratio of the airfoil.

Equation 4 is suitable for the time integration approach. This approach
is based on the finite difference scheme that integrates Equation 2 in time for
harmonic aerodynamic motions until the transient states in the solution disappear
and the forces become periodic.

Several numerical procedures are available to solve Equation 4. Among them

13
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the procedure developed by Ballhaus and Goorjian (Reference 14) based on the
alternate-direction implicit algorithm has been proven to be computationally
efficient and is being widely used. This procedure uses a conservative,
implicit finite-difference scheme to time-accurately integrate the nonlinear,
Tow-frequency,transonic small-disturbance equation as defined in Equation 4.
A computer code LTRANZ was developed based on this procedure. This code can
be used to find the flow field solutions for airfoils with arbitrary
combinations of pitch, plunge,and flap deflections.

In order to comply with the low-frequency approximation of LTRANZ, the
unsteady aerodynamic coefficients were computed for a reduced frequency range

k. < 0.2.

Although UTRANS2 retains the ¢tt-term, it experiences numerical instability

difficulty at higher reduced frequencies. Hence, in this study the reduced

frequencies considered for UTRANS2 were also limited to the range kC < 0.2.

14
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SECTION III

AEKOELASTIC AND TRANSFORMATION EQUATIONS

In the present flutter analysis, the airfoil is assumed to oscillate
. about the elastic axis with two degrees of freedom, plunge and pitch. The
necessary aeroelastic equations of motion and the transformation equations

for aerodynamic coefficients are discussed in this section. ;:

3.1 Aeroelastic Equations of Motion

b P i i i o)
et e it B

The parameters and sign conventions for a typical airfoil oscillating with

dhaf o

pitching and plunging degrees of freedom are defined in Figure 1. The following
assumptions are made in deriving the equations:
(1) The displacement h and rotation a« are measured with respect to

the mean position, defined by the steady state conditions.

(2) The airfoil is rigid.
(3) The amplitudes of oscillation are small. i
(4) The principle of superposition for aerodynamic forces is valid
even in the presence of shocks. Discussion and justification of
this assumption were given in References 12 and 15.
Considering the inertia forces, elastic forces, and aerodynamic forces,
the equations of motion are
Qh mH + S& + khh
. Q

S'?;+I;+ka
a a

.,
o]
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(6)
swza = Qa/mb2

. 2..
XE&E+ra+r
Q ¢ ¢}

where & = h/bs w, = (k. /m)% x_ = S/mbs w = (k /1) and r_= (I_/mb%)%.

Structural damping can be introduced into Equations 6 by replacing wﬁ
and ws by wﬁ(l + gh) and wi(] + ga), respectively. The damping coefficients
9 and 9, correspond to plunging and pitching modes, respectively. It is
further assumed that 9 and g, are small and of the same order.

Assuming harmonic oscillations with flutter frequency w and expressing
the aerodynamic forces Qh and Qa in terms of aerodynamic coefficients Czd’
Cza’ Cmé,and Cma, Equations 6 yield the final eigenvalue equations for flutter

analysis as

) 60 £
[ukIM] - [A1] = A[K] (7)

where £ and a_ are the nondimensional amplitudes in plunge and pitch oscillations,

0

respectively; u = m/npbz, the airfoil-air mass ratio; k, = wb/U, the

h
reduced frequency.

The matrices [M], [A], and [K] are defined as

(]

(8a)

(A]

HI
ENE

(8b)
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(wh/wr) l 0
K] = - (8c)
2
0 Pu(ma/wr)
The eigenvalue x» is a complex number defined as
I I P ST (9)

where g = 9y = 9, is the structural damping coefficient which is assumed to be
small and of the same order for both plunging and pitching modes. The flutter
solution is obtained when g is found to be zero. In the transonic flutter
analysis, to compute the aerodynamic coefficients for Equation 8b comprises

the essential task.

3.2 Transformation of Aerodynamic Coefficients

In obtaining the aerodynamic coefficients, it is a common practice to
pitch the airfoil about the elastic axis so that such coefficients can be
directly used to compute the aerodynamic matrix [A] in Equation 8b. But in
some situations this may not be the case. For example, the position of the
elastic axis is considered to be a variable in this paper so that its effect
on flutter characteristics can be studied. Thus the aerodynamic coefficients
originally obtained with reference to a pitching axis must be transformed to
those with reference to the elastic axis for aeroelastic analysis. The
transformation relations can be derived by using the principle of superposition
of airloads.

Let it be assumed that the aerodynamic coefficients C! Céa, c'

R&? ma
for point 0' (see Fig. 1) due to pitching about 0' have been obtained. It is

, and C!'
Mma

desired to transform these coefficients to be CQ ,C ,C _ ,and C for another
.8 La mé ma




pitching axis (elastic axis) O.
Assuming rigid airfoil and small amplitude of oscillations, the trans-

formation relationships may be written as

C . =¢C ' |

' 8 2.8
Cla - Cla B (SCQS )
. (10)
Cms = Cms + SCes
- 1 ' - ' 2 '
Cma - cma + SCRa (Scmé ) - (S CRG )

where s = (ah - xp)/Z. The three terms in the parentheses are relatively small
when compared with the other terms. If they are neglected, Equations 10 are

in the form as those given previously by Traci et al.in Reference 13.
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SECTION IV

Lo

PROCEDURES OF OBTAINING AERODYNAMIC DATA

e

The steady and unsteady aerodynamic data were obtained by both time ?I
integration and harmonic method by using LTRAM2 and STRANS2/UTRANS2, respectively.
In this section, the finite difference grids used and other salient features '

of the procedure for obtaining the aerodynamic data are discussed.

o im, gy e

4.1 Method of Obtaining Aerodynamic Data from LTRAN2

4.1.1 Finite Difference Computational Grid

- Ay S

The size and the pattern of the grid play an important role in obtaining
1 accurate results from LTRAN2. Because of the various reasons discussed in
E . Reference 14, a fairly fine mesh is required in order to obtain acceptable

solutions. However, the mesh size is often limited by the capacity of the

core memory in the available computer.

In this analysis,a 79 x 99 finite difference mesh, with 79 grid points in
the vertical (y) direction and 99 grid points in horizontal (x) direction, was
employed for final computations. Details of this grid were supplied by Ballhaus
and Goorjian. This was the finest grid size that could be practically used on
the CDC 6500 computer available at Purdue University.

This grid has a smooth, nonuniform pattern and it is symmetric about the

y = 0 1ine. The spacings of the grid points are smaller near the leading and
trailing edges in x-direction and near the mean chord line in the y-direction.

The spacings are gradually enlarged as the grid points are farther away from

Q‘|

the airfoil. Thus the grid boundaries are located sufficiently away from the

airfoil both in x- and y-directions. From leading edge to trailing edge, a

20
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total of 33 grid points is used so that an accurate representation of the
pressure distribution can be obtained, particularly when there is a shock.

Other salient features for this grid are given as follows:

(1) Minimum spacing in x-direction = 0.0033c

(2) Minimum spacing in y-direction = 0.02c

(3) Distance between the upstream grid boundary and the
leading edge = 1033.53c

(4) Distance between the downstream grid boundary and the
leading edge = 855.91c

(5) Distance between the upper or lower grid boundary and the

mean chord line = 811.12c.

4.1.2 Steady-State Computations

The steady-state solution is required as an initial condition for the
unsteady computations. In this analysis,the steady-state solution was obtained
by using the successive line over-relaxation method (SLOR) available in the
LTRAN2 code.

In the process of obtaining the steady-state solution, multiple grid
computations were carried out in order to accelerate the rate of convergence.
First, a converged steady-state solution was obtained for a coarse grid {35x38).
This solution was then interpolated to form a starting solution for a medium
grid (53x79). A converged solution was then obtained for the medium grid.

This solution was again interpolated to form a starting solution for the final
computational grid (79 x 99).
The SLOR computations were carried out for the fine grid (79x99) for

several hundred iterations. This iterative process was stopped when the
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variation in the perturbation velocity potential at all grid points between
consecutive iterations reached a value of about 1x10'5. This process required
about 1200 iterations. The steady solution obtained at this stage was used
to plot the pressure curves and also used as a starting solution for the un-

steady computations.

4.1.3 Unsteady Computations

Steady-state results obtained by the SLOR method were used as the initial
conditions for unsteady computations. In order to obtain unsteady results,the
airfoil was first subjected to a harmonic forced motion. In all the cases,the
angle of attack o was varied sinusoidally with an amplitude of 0.5° and the
aerodynamic equation was integrated in time by LTRAN2. ODuring the process of
time integration, 240 time steps per cycle were used. After some duration of
time,the effect of the initial conditions on the unsteady solution became
negligible such that the aerodynamic force coefficients Cz and Cn became
periodic. In general, four to six cycles of forced motion were required to
obtain fairly periodic results from LTRAN2. At this stage, the amplitudes
and phase angles of the aerodynamic force coefficients Cga and Cma were computed.

The plunging oscillations were treated as a special case of pitching
oscillations. The plunging oscillations can be presented by an oscillation of
induced angle of attack by using the relations ay = h/U, where o represents
the induced angle of attack, h represents the rate of change of plunging
displacement, and U is the flight speed. The unsteady aerodynamic coefficients
C26 and cm6 were obtained by the same procedure described above as that used
to obtain Cza and Cma. This was carried out by replacing the sinusoidal
variation of angle of attack « by the sinusoidal variation of induced angle of

attack a .
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4.2 Method of Obtaining Aerodynamic Data from STRANSZ and UTRANS2

4.2.1 Finite Difference Computational Grid J

Within the contraints of accuracy, efficiency, and computer core

memory, a 71x74 finite difference mesh was chosen with 71 grid points in the
vertical (y) direction and 74 grid points in horizontal (x) direction.

The grid is smoothly nonuniform with symmetry about the mean chord line.
In x-direction, the grid points are distributed more densely at:(i) the leading
edge to account for the blunt nose; (ii) the expected shock-position to more
precisely capture the shock; and (iii) the trailing edge for better application
of the Kutta-condition. In y-direction, the grid points are more closely
spaced near the mean chord line. The grid spacing is gradually widened as the
grid points move away from the airfoil and towards the boundaries. The grid
boundaries are sufficiently far from the airfoil to reduce flow interaction
between the airfoil and the boundaries to a minimum. The grid has the

following specific features:

(1) Total points on the airfoil = 37
(2) Number of grid points between the upstream grid boundary

and the leading edge = 21

(3) Minimum spacing in x-direction = 0.0025¢

(4) Minimum spacing in y-direction = 0.01c
(5) Distance between the upstream grid boundary and the
leading edge = 4c¢

(6) Distance between the downstream grid boundary and

the leading edge = 4c¢
(7) Distance between the upper or lower grid boundary and

the mean chord line = 8c.
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4.2.2 Steady-State Computations (STRANS2)

This method, too, requires the steady-state solution as input for the
unsteady calculations. For the computation of the steady-state solution a
mixed differencing relaxation procedure introduced by Murman and Cole is used
in STRANSZ.

The relaxation parameters used were -0.75 for parabolic (sonic) and
hyperbolic (supersonic) grid points, and 1.7 for elliptic (subsonic) grid
points.

The airfoil calculation in the farfield was updated every 40 iterations
with 2 relaxation parameter of 1.5.

To expedite convergerce, a built-in grid refinement scheme was used.
First, a coarse grid of 37x39 grid-points was converged to the point where
the difference in steady perturbation velocity potential at all grid points
between two consecutive iterations (the tolerance) was less than 1x10'4.
This solution was then used as a starting input for a finer grid of 71x74
grid points. The convergence tolerance for the fine grid was chosen to be

1x10'5. This was achieved in about 700 iterations.

4.2.3 Unsteady Computations (UTRANS2)

The unsteady computer code UTRANSZ needs the steady-state results as
input for the unsteady computations. The unsteady solutions are obtained by
using the same parameters and the same mixed differencing relaxation procedure
as in the steady computations.

The moderate frequency approach, incorporating the Op¢-term in the full
potential equation and in the boundary conditions, was used for all unsteady
computations. Again, the grid-refinement procedure was used to expedite the

convergence. The same convergence tolerances were used. This was achieved in
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400 iterations to 2400 iterations, depending on the Mach number and reduced
frequency. In general, the number of iterations increases with increase in
angle of attack, Mach number, and reduced frequency. Also the pitch

computations took more iterations to converge than the plunge computations.
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SECTION V

RESULTS

Flutter analyses were carried out for three airfoil configurations: (1)
a MBB A-3 supercritical airfoil; (2) a MBB A-3 airfoil with camber removed;
and (3) a NACA 64A010 airfoil scaled down to 8.9% maximum thickness-to-chord
ratio, the same as that of airfoil 1. A1l airfoils were assumed to oscillate
with two degrees of freedom, plunge and pitch about the elastic axis.

Airfoil 1 was first analyzed for design Mach number M, = 0.765 and « = o°
by both methods. It was then analyzed for the design Mach number and the
design 1ift coefficient Cz = 0.58. Two different equivalent design angles of
attack had to be used for the two different methods in order to produce the
same value CQ = 0.58.

To investigate the effect of camber and thickness distribution on the
supercritical airfoil design, airfoils 2 and 3 were analyzed at M_ = 0.765 and
the equivalent design angles of attack. Finally, the effect of Mach number on
flutter speed (the transonic dip phenomenon) was studied for airfoil 1 at

zero mean angle of attack.

5.1 Configuration of the MBB A-3 Supercritical Airfoil

In order to perform accurate aerodynamic computations, it is necessary to
use accurate data for the airfoil confiqurations, especially in the region of
the leading edge. The equations for accurate curve fitting and tabulated data
for eight AGARD/SMP standard airfoil configurations were provided by Dr. J.J.
Olsen of the Flight Dynamics Laboratory (Reference 19).

The equations for the eight airfoil configuratiohs were given by Dr. Olsen
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as
Zu(x) = ¢{x) + 0.5 t(x)
Zz(x) = ¢(x) - 0.5 t(x)
' * 2 3 4 (1)
t(x) = ao/§_+ a7 * A% +aX" 4 X" + agK
) 2 3 4
L c(x) = by + box + bax” + byx” + b5x

where Zu(x) and Zl(x) are the equations for the upper and lower surfaces,
respectively; x is the nondimensional axis with leading edge at x = 0 and
trailing edge at x = 1; c(x) is the function of camber; t(x) is the function
of thickness; and constants a's and b's for the eight airfoils are available
in Reference 19.

The coefficients for the thickness function for the MBB A-3 airfoil are:

1]
"

0.2457807; a. = 0; a, = - 0.2470393; a, = 0.5556936; a, = -1.1377743; and

o} 3
ag = 0.5833393. The coefficients for the camber function are: b1 = 0;
b2 = 0.1294408; b3 = -0.4206819; b4 = 0.5516741; and b5 = -0.2604330. A plot

of this configuration is given in Figure 2.
The MBB A-3 airfoil configuration without camber is also plotted in Figure
b 2. 1t is obtained by setting the coefficients of the camber function to zero
in Equation 11. The coefficients for the thickness function remain the same.

In order to compare the effect of thickness distribution on flutter

. behavior between a supercritical and an equivalent conventional design, the
configuration of a NACA 64A010 airfoil was scaled down in thickness by 11%.
This is done by multiplying the coefficients in the thickness function for

the NACA 64A010 airfoil by 0.89. The values of those coefficients for the

“.

NACA 64A010 airfoil are available in Reference 19. They are: a, = 0.2255645;

ay = 0; a, = -0.0699163; az = 0.0664236; a, = -0.541599; and a, = 0.3199472.

5
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This airfoil has no camber.

It is obvious in Figure 2 that the profile of the MBB A-3 supercritical
airfoil becomes considerably different when the camber is removed. It can
naturally be expected that the camber has an obvious effect rn ihe aerodynamic
and flutter results. On the other hand, the profile of the MBB A-3 airfoil
without camber is quite similar to that of the scaled down model of the NACA
airfoil. Thus an obvious difference in aerodynamic and fiutter recults between

the two profiles may not be expected.

5.2 Flutter Analysis of the MBB A-3 Supercritical Airfoil at M_ = 0.765
and o = 0°.

The MBB A-3 supercritical airfoil was designed for M_ = 0.765 and = 1.3°
which yield a 1ift coefficient of CR = 0.58. A case with zero angle of attack
at design Mach number was first considered. Based on this case, a comparison
between the two computer programs (STRANS2/UTRANS2 and LTRAN2) can be made.
Furthermore, the results can provide a comparative basis for the case with

angle of attack.

5.2.1 Steady Pressure Curves

The steady pressure curves obtained at M = 0.765 and o = O.chy both
LTRANZ and STRANSZ are shown in Figure 3.

Both programs predicted a shock on the upper surface. LTRAN2 gives a
stronger shock than STRANS2. The shock Tocation obtained by LTRAN2 is behind
that obtained by STRANSZ. However, the agreement in lower surface pressure
between the two programs is excellent. The discrepancies in the upper surface
pressure curves between the two programs may be due to the difference in the

finite difference mesh and due to the difference in the shock capturing technique.
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Figure 3. Distribution of Steady Pressure Coefficignts for
MBB A-~3 Airfoil at M = 0.765 and « = 0.07.
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5.2.2 Unsteady Aerodynamic Coefficients

The MBB A-3 airfoil was assumed to oscillate with two degrees of freedom,
plunge and pitch about the quarter-chord axis. Consequently, four unsteady
aerodynamic coefficients were computed: the 1ifting force coefficient due to
unit plunging displacement Cos the lifting force coefficient due to unit
pitching rotation c ; the moment coefficient due to unit plunging displacement
Crs’ and the moment coefficient due to unit pitching rotation Coo” A1l four
coefficients were obtained by assuming that the airfoil was pitching about the
quarter-chord at M = 0.765 with zero mean angle of attack.

Table 1 shows the unsteady aerodynamic coefficients obtained by using
both harmonic method (UTRANS2) and time integration method (LTRAN2). Reduced
frequencies considered were 0.0, 0.05, 0.10, 0.15,and 0.20 for UTRANSZ and
0.05, 0.10, 0.15, and 0.20 for LTRAN2, respectively.

The coefficients obtained by the two programs show similar general trend.
Reasons for some differences may be attributed to: (1) the basic difference
in the steady pressure curves; (2) different assumptions used in the methods;
(3) different finite difference schemes for unsteady flow computation.

The level of agreement for the moment coefficients is not as good as that
for the 1ift coefficients. This may be due to the fact that the 1ift coefficients
were obtained by merely integrating the area under the unsteady pressure
curves whereas the moment coefficients were obtained by integrating the area-
moment under the unsteady pressure curves. The former integration results in
less error than the latter. However, it was found during the flutter analysis

that such differences do not appear to significantly affect the agreement in

flutter results. Such finding was reported earlier in Reference 12.
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Table 1 Aerodynamic Coefficients for MBB A-3 Airfoil at M = 0.765
and o = 0.0°
Reduced Frequency (k.)
S 0.0 0.05 0.10 0.15 0.20
E Real| Imag.| Real| Imag.| Real| Imag.{ Real| Imag.| Real| Imag.
CQ 1 0.0 0.0 | 0.171| 0.636] 0.422| 1.100; 0.724| 1.420f 0.881| 1.728
8 2 0.0 0.0 | 0.089| 0.521| 0.260] 0.900| 0.523| 1.185| 0.772} 1.288
Cg 1 - - 12.724|-3.409{11.001|-4.223| 9.469|-4.825] 8.642(-4.403
12 {1.221( 0.0 {10.141[-1.949| 8.843{-2.801| 7.667(-3.060| 6.710{-2.970
c 1 0.0 0.0 |-0.008{-0.038{-0.015|-0.071}{-0.022!-0.103(-0.029|-0.136
"s 2 0.0 0.0 | 0.003({-0.015| 0.010{-0.031| 0.017(-0.053| 0.020|-0.076
C 1 - - }-0.763] 0.162|-0.706] 0.150|-0.686| 0.146|-0.680( 0.145
" 2 | -0.311 0.0 {-0.307(-0.074{-0.319{-0.148|-0.340|-0.212{~-0.365|-0.265
Method 1: Time Integration (79x99)  LTRAN2
Method 2: Harmonic Analysis (71x74)  UTRANS2
32
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5.2.3 Flutter Results

The flutter results were conputed by standard U-g method described in
Reference 12, Flutter speeds and corresponding reduced frequencies were
obtained by varying one of the four aeroelastic parameters: airfoil-air
mass ratio p; position of the mass center X, position of the elastic axis aps
and plunge-pitch frequency ratio w /o . In all cases, the values of the
radius of gyration ry and the reference frequency w, were assumed as 0.5 and
1.0, respectively.

Figure 4 shows the curves for flutter speed and corresponding reduced
freqguency versus the location of the mass center X, for the MBB A-3 super-
critical airfoil pitching about the quarter-chord. The airfoil-air mass ratio
u was assumed as 100. The plunge-to-pitch frequency ratios wh/wu were assumed
as 0.1, 0.2, 0.3, and 0.4, respectively.

In Figure 4, flutter speed is seen to decrease as the mass center moves
from the elastic axis toward the mid-chord. It increases very sharply as the
mass center approaches the elastic axis. The curves drop as wh/wa increases.
The curves for the reduced frequency demonstrate a behavior opposite to that
of the flutter curves.

The curves obtained by the two methods agree quite well both in trend and
magnitude. The poor agreement in the very low range of Xy is due to the sharp
increase in flutter speed.

The curves in Figure 5 show the effect of airfoil-air mass ratio u on the
flutter speed and the corresponding reduced frequency for the MBB A-3 airfoil.
The mass center was assumed to be at 3/8-chord (xa = 0.25). The values of

reduced frequency considered were 0.1, 0.2, and 0.3, respectively.

The curves obtained by both methods are in quite reasonable agreement
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Figure 4. Effect of Position of Mass Center on Flutter Speed for Various Plunge-
to-Pitch Frequency Ratios for MBB A-3 Airfoil at M = 0.765 and o = 0.0°,
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both in trend and in value of flutter speed. Within the range of values

considered for u and wh/wa, it is seen that the flutter speed increases as v
increases and also increases as mh/wa decreases. The curves for reduced
frequency demonstrate a trend reverse to that of the curves for flutter speed.

Figure 6 shows the effect of the position of the elastic axis on flutter
results. Since all the aerodynamic coefficients were obtained by pitching the
airfoil about the 1/4-chord axis (ah = - 0.5), it was necessary to use the
transformation Equation 10 when ay was varied. The mass center was fixed at
3/8-chord and the airfoil-air mass ratio was set equal to 100. Frequency ratios
considered were 0.1, 0.2, 0.3, and 0.4, respectively.

In Figure 6, the flutter speed increases as the elastic axis moves toward
the mid-chord. Such increasing trend becomes less obvious for lower frequency
ratios. HWhen the mass center approaches the elastic axis (xa = 0) the
flutter speed becomes independent of the frequency ratio. This phenomenon
was observed when analysis was made for a NACA 64A006 airfoil and a simple
explanation was given in Reference 20.

The curves obtained by both methods are in reasonably good agreement.

5.3 Flutter Analysis of the MBB A-3 Supercritical Airfoil at M_ = 0.765
and C2 = 0.58

The MBB A-3 supercritical airfoil was designed to give a steady 1ift
coefficient C = 0.58 at M_ = 0.765 and o = 1.3°. It was found that the
angles of attack required to obtain CQ =0.58 at M_ = 0.765 are 0.42% and 0.75°
for LTRAN2 and STRANS2, respectively. These two angles of attack were used for
the two respective programs in this section. Consequently, it becomes less
meaningful to compare the two sets of results obtained by assuming two different

angles of attack.

36




MBB A-3 | M=0.765,=00°, p=100, MASS .'
CENTER FIXED AT 3/8-CHORD

120 ___ __ TIME INTEGRATION (79x99)
HARMONIC ANALYSIS (7ix74) /|

o
T

100

(U/ bwy)

©
2

SPEED
o]
O

FLUTTER
[
@)
I

TR

FREQ.
o
o
{

>50.05f

obp v L 1 b1 1
-06 -05 -04 -03 -02 -o1 §
POSITION OF ELASTIC AXIS (ap) l

Figure 6. Effect of Position of Elastic Axis on Flutter Speed for Various Plunge-
to-Pitch Frequency Ratios for MBB A-3 Airfoil at M = 0.765 and « = 0.0°,
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5.3.1 Steady Pressure Curves

Figures 7 and 8 show the steady pressure curves for the MBB A-3 airfoil
at M_ = 0.765 obtained from LTRANZ (a = 0.42°) and STRANS2 (a = 0.75%),
respectively. In both figures, the pressure curves for o = 0° are also shown
for comparison.

Both figures show that the equivalent design angles of attack have the

following effects: (1) The shocks become stronger and move toward the trail-

ing edge; (2) Tre pressure curves on the upper surface show more negative 3
pressure area; (3) The pressure curves on the lower surface show less negative

pressure area. Such effects result in an increase in Tift coefficients.

5.3.2 Unsteady Aerodynamic Coefficients

Based on the steady pressure coefficients obtained in Figures 7 and 8, the
corresnonding unsteady aerodynamic coefficients were obtained and given in
Tables 2 and 3, respectively. In both tables, corresponding coefficients
obtained for the special case a = 0° are also given for comparison.

Tables 2 and 3 show that the magnitudes of the 1ift and moment coefficients
are higher in the two cases of equivalent design angles of attack. The increases
are more pronounced in moment coefficients than in 1ift coefficients. Such
increases may be due to the stronger shocks which occurred in the two cases of

equivalent design angles of attack.

5.3.3 Flutter Results

Figures 9 and 10 show the effect of the position of mass center on

the flutter results obtained by use of the time integration method (LTRAN2) and

the harmonic method (UTRANS2), respectively. In both figures, curves for flutter

speed are plotted for several values of wh/wa. The values for p and a, were §A
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Table 2 Aerodynamic Coefficients for MBB A-3 Airfoil at M = 0.765,
and o = 0.0% and o = 0.42° by Time Integration (LTRAN2) with
79x99 - Grid
. Reduced Frequency (k)
@ 0.05 0.10 0.15 0.20
E% Real| Imag.|{ Real| Imag.| Real| Imag.| Real Imag.
C 0.0° | 0.171] 0.636( 0.422| 1.100] 0.724| 1.420| 0.881 1.728
0.42°] 0.324] 0.728| 0.734| 1.130| 1.058| 1.379| 1.355] 1.505
C 0.0° [12.7241-3.409(11.001 |-4.223| 9.469|-4.825| 8.642| -4.403
0.42° {14 .555|-6.480(11.303(-7.340 | 9.195(-7.055( 7.524| -6.775
c 0.0° |-0.008/-0.038{-0.015 [-0.071 |-0.022 |-0.103 [-0.029| -0.136
0.42°|-0.043|-0.085 |-0.092 |-0.127 |-0.137 |-0.152|-0.180 | -0.162
C 0.0 |-0.763| 0.162|-0.706| 0.150|-0.686 | 0.146/-0.680| 0.145
@ 0.42°|-1.704| 0.868 |-1.272| 0.924 -1.014' 0.913}-0.811 0.901




Table 3 Aerodynamic Coefficients for MBB A-3 Airfoil at M = 0.765, and
« = 0.0° and « = 0.75° by Harmonic Analysis (UTRANS2) with 71x74 - Grid

Reduced Frequency (kc)
2 0.0 0.05 0.10 0.15 0.20
E? Real |[Imag.| Real| Imag.| Real| Imag.| Real| Imag.| Real Imag.
Cz + 0.0° 0.0 | 0.0 | 0.089] 0.521| 0.260| 0.900| 0.523| 1.185| 0.772| 1.288
10.75°| 0.0 | 0.0 | 0.119] 0.557| 0.279] 0.906| 0.539| 1.172| 0.772| 1.277
CQ 0.0%(17.221| 0.0 |10.141]-1.949]| 8.843|-2.801{ 7.667{-3.060| 6.710(-2.970
*10.75°({11.388| 0.0 [10.171{-1.941{ 8.932{-2.818| 7.757{-3.144| 6.702|-3.180
Cm 0.0°) 0.0 | 0.0 | 0.003{-0.015| 0.010{-0.031| 0.017}-0.053] 0.020|-0.076
$10.75°| 0.0 | 0.0 |-0.003|-0.035|-0.003|-0.060|-0.009-0.090|-0.020]-0.113
cm 0.0°{-0.311| 0.0 {-0.307{-0.074{-0.319 |-0.148|-0.340{-0.212|-0.365{-0.265
*10.759 |-0.691| 0.0 {-0.640| 0.006|-0.614 |-0.023 |-0.597 |-0.056 |-0.589 |-0.073
i
.
}
b
L
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assumed as 100 and -0.5, respectively.

In both figures, equivalent sets of curves obtained for the case of zero
angle of attack are also shown for comparison. Both sets of curves, with zero
and nonzero angles of attack, show similar general trends.

It is seen that at the equivalent design angles of attack (0.42° for
LTRAN2 and 0.75° for UTRANS2) the curves for flutter speed shift toward the
right but still maintain the same trends. The shift is more pronounced in
Figure 9 than Figure 10. Within the range of values assumed for all the
parameters, it appears that the airfoil is in general more stable at the design
conditions than at the zero-o conditions. However, in Figure 9 the flutter speed
decreases with the increase in angle of attack for wh/wa = 0.2 and xa>0.42.

Figures 9 and 10 show that it is difficult to obtain flutter speeds when
the values of x, are Tess than 0.3 and 0.2, respectively. In order to obtain
meaningful flutter speeds in the following analysis for influences of camber
and thickness distribution, the values for X, were chosen as 0.35 and 0.25
for LTRANZ and UTRANS2, respectively.

Figure 11 shows the curves for flutter speed and the corresponding reduced
frequency versus the airfoil-air mass ratio obtained by LTRAN2 for two different
values of frequency ratio. The vaiues for Xy 3 and o were assumed as 0.35,
-0.5, and 0.420, respectively. In the same figure an equivalent set of curves
obtained for zero angle of attack is also shown for comparison. Similar sets
of curves obtained by UTRANS2 for X, = 0.25, a, = -0.5, and o = 0.75° are given
in Figure 12.

In both figures, the two sets of curves, one with zero angle of attack and

one with the equivalent design angles of attack, show a similar trend.
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Figure 11. Effect of Airfoil-Air Mass Ratio on Flutter Speed for Three P1unge-8o- !
Pitch Frsquency Ratios for MBB A-3 Airfoil at M = 0,765 and o = 0.0
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In both figures, the curves for flutter speed shift upward in the case

of equivalent design angles of attack with the exception in Figure 11 for
mh/wcl = 0.2. It appears that within the range of values assumed formost of the
parameters, the airfoil is more stablz at the design angles of attack than at
the zero angle of attack. However, in Figure 11 the flutter speed decreases
with the increase in angle of attack for wh/wu= 0.2 and u>250.

Figure 13 shows the curves for flutter speed and the corresponding
reduced frequency versus the position of elastic axis obtained by LTRANZ for
three values of frequency ratio. These curves were obtained by fixing the
mass center at 42.5%-chord and assuming the values for u and a equal to 100
and 0.420, respectively. A corresponding set of curves obtained for the
case of zero angle of attack is also shown in the same figure for comparison.

A similar analysis was carried out by using UTRANS2. This was done by
fixing the mass center at 3/8-chord and assuming the values for u and o equal
to 100 and 0.750, respectively. The results are shown in Figure 14. In the
same figure, a corresponding set of results obtained for a = 0° is also shown
for comparison.

In both figures the behavior of the curves for the case of equivalent
design angles of attack is similar to that for the case of zero angle of
attack. Furthermore, the trends obtained by the two separate computational
methods are similar.

Again, both figures show that the flutter curves shift upward in the case
of equivalent design angles of attack.

In summary, it may be concluded that, within the range of values assumed

for the aeroelastic parameters, the MBB A-3 supercritical aeroelastic system fis,

in general, more stable at the equivalent design angles of attack than at
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zero angle of attack.

5.4 Flutter Analysis of a MBB A-3 Airfoil without Camber

The MBB A-3 supercritical airfoil was designed with a camber. The
camber influences the aerodynamic characteristics and in turn the aeroelastic
behavior of the airfoil. It is of interest to study such influences by
considering an airfoil obtained by removing the camber from the MBB A-3 super-
critical airfoil and comparing the results with those obtained for the original
airfoil with camber.

The profile for such a non-cambered version of the MBB A-3 airfoil is
given in Section 5.1. The study of this airfoil was conducted for the design
. Mach..aumber M_ = 0.765 and equivalent design angles of attack 0.42° and 0.75°

for LTRAN2 and UTRANS2, respectively.

5.4.1 Steady Pressure Curves

Figure 15 shows the upper and lower surface pressure curves obtained for
the MBB A-3 airfoil without camber by LTRAN2 at M_ = 0.765 and o = 0.42°. There
is no shock in this case. The equivalent pressure curves obtained for the
original MBB A-3 airfoil are also shown in the same figure. There is a fairly
strong shock on the upper surface of the MBB A-3 airfoil.

Figure 16 shows the upper and lower surface pressure curves obtained for
the MBB A-3 airfoil without camber by STRANSZ at M_ = 0.765 and a = 0.75°,
Again, there is no shock in this case. The equivalent pressure curves for the

original MB8 A-3 airfoil are also shown. A fairly strong shock is seen.

5.4.2 Unsteady Aerodynamic Coefficients
Table 4 shows two sets of unsteady aerodynamic coefficients for the MBB A-3

airfoil, with and without camber, at M_ = 0.765 and o = 0.42° obtained by the
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Table 4

Aerodynamic Coefficients for Airfoil Comparison at M = 0.765
and o = 0.42° by Time Integration (LTRAN2) with 79x99 - Grid.

Reduced Frequency (kc77
5 0.05 0.10 0.15 0.20
:E Real| Imag.| Real| Imag.| Real| Imag.; Real| Imag.
1 0.324} 0.728] 0.734] 1.130] 1.05%8| 1.379; 1.355 1.505
Clé 2 0.096] 0.519} 0.289§ 0.977 | 0.489} 1,273 0.731] 1.534
3 0.097] 0.521| 0.279| 0.940( 0.516| 1.343( 0.825] 1.731
‘ 1 14.555|-6.480{11.303(-7.340.] 9.195(-7.0551 7.524|-6.775
CQa 2 | 10.385)-1.925| 9.766|-2.893] 8.489(-3,259| 7.668|-3.657
3| 10.4201-1.931} 9.403(-2.785] 8.954}-3.437] 8.653|-4.127
1 -0.043(-0.085(-0.092(-0.127|-0.1371{-0.152|-0.180}-0.162
Cm(S 2 0.003|-0.005( 0.008({-0.013] 0.015|-0.024| 0.024{-0.036
3 0.003|-0.007]| 0.008|-0.014]| 0.015(-0.025| 0.023{-0.040
11 -1.704| 0.868)-1.272} 0.924|-1.014| 0.913/-0.811] 0.901
Cma 2| -0.105{-0.060}-0.129,-0.084|-0.158]-0.103]-0.182(-0.118
3| -0.140{-0.067{-0.142{-0.082|-0.168{-0.103}-0.197}-0.114
Airfoil 1: MBB A-3
Airfoil 2: MBB A-3 without Camber
Airfoil 3: NACA 64A010, Scaled Down to 8.9%

Thickness~to-Chord Ratio
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time integration method (LTRAN2). Two similar sets of results obtained by
the harmonic method (STRANS2) for M_ = 0.765 and o = 0.75° are given in Table
5.

In both tables,it is seen that the magnitudes of both 1ift and moment
coefficients are smaller in the case of no camber. Such reductions in

magnitude are more pronounced in moment coefficients than in 1ift coefficients.

5.4.3 Flutter Results
Figures 17 and 18 show the effect of the position of mass center on the
flutter results for the MBB A-3 airfoil without camber obtained by LTRANZ

and UTRANS2, respectively. Several values of frequency ratio mh/mOl (0.1, 0.2,

0.3, and 0.4 in Figure 18,respectively) were considered. The values for u

and a, were assumed as 100 and -0.5, respectively. In both figures,
corresponding sets of curves for the original MBB A-3 airfoil are also shown
for comparison.

Both figures show that the flutter speed increases as the mass center
moves toward the elastic axis. Such increase becomes very sharp as the mass
center gets close to the elastic axis. Both figures also show that the
removal of the camber has an effect of shifting the curves toward the left.
1t appears that the camber has a stabilizing effect of increasing the flutter
speed. Such effect is far more pronounced in the lTower region of Xyt

Figures 19 and 20 show the curves for the flutter speed and the
corresponding reduced frequency versus the airfoil-air mass ratio for several
values of frequency ratio obtained by LTRAN2 and UTRANSZ2, respectively. The
assumed values for X, and a, are given in the two figures.

Both figures show that flutter speed increases steadily with the increase

of airfoil-air mass ratio. Removal of the camber shcws an obvious destabilizing
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Table 5 Aerodynamic Coefficients for Airfoil Comparison at M = 0.765
and o = 0.75° by Harmonic Analysis (UTRANS2) with 71x74 - Grid

Reduced Frequency (RC)
, ;é 0.0 0.05 0.10 0.15 0.20
;E Real {Imag.| Real| Imag.| Real| Imag.| Real| Imag.| Real| Imag.
‘ c, 1 (0.0 0.0 | 0.119] 0.557{ 0.279| 0.906| 0.539| 1.172] 0.772| 1.277
R 2 1 0.0 0.0 | 0.087| 0.504| 0.266! 0.873| 0.491| 1.142
310.0 0.0 | 0.076} 0.493| 0.265| 0.870¢ 0.492; 1.141
c, 1 ]11.388 | 0.0 {10.171{-1.941| 8.932!-2.818| 7.757|-3.144
12 110.760 | 0.0 | 9.796|-1.749| 8.661{-2.479| 7.660(-2.722
3 |10.766 | 0.0 { 9.807)-1.767| 8.660|-2.502| 7.650|-2.744
c 110.0 0.0 |-0.003}-0.035(-0.003{-0.060(-0.0G9(-0.090
"o 2 10.0 0.0 | 0.003|-0.009( 0.011{-0.019| 0.021(-0.034
310.0 0.0 { 0.003({-0.009} 0.010}-0.021} 0.019{-0.036
C 1 |-0.691 0.0 [-0.640| 0.006{-0.614{-0.023|-0.597|-0.056
"o 2 1-0.166 | 0.0 |-0.172(-0.090(-0.192(-0.172{-0.218(-0.241
3 [-0.187 | 0.0 |-0.191/-0.084-0.208|-0.162(-0.230(-0.230

Airfoil 1: MBB A-3

Airfoil 2: MBB A-3 without Camber

Airfoil 3: NACA 634A010, Scaled Down to 8.9%
Thickness-to-Chord Ratio
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effect that reduces the flutter speed.

Figures 21 and 22 show the curves for the flutter speed and the
corresponding reduced frequency versus the position of elastic axis for
various values of plunge-to-pitch frequency ratio obtained by LTRANZ and
UTRANS2, respectively. The curves were obtained by fixing the mass center
at 42.5% and 37.5%-chord in Figures 21 and 22, respectively. The u value was
chosen as 100 for both figures.

Both figures show that the flutter speed increases as the elastic axis
moves toward the mid-chord position. Such increase is less pronounced for
smaller values of frequency ratio and it becomes unnoticeable as wh/ma = 0.1.
As the mass center and elastic axis coincide, the flutter speed becomes
independent of freguency ratio and all the flutter curves intersect at one
point. Such phenomenon has been observed and explained in Reference 20.

Both figures show that as the camber is removed, flutter speed drops
quite substantially.

In summary, it may be concluded from the results of Figures 17-22 that
the camber of the MBB A-3 supercritical airfoil appears to have an important
stabilizing effect that generally increases the flutter speed of the airfoil

at the design operating conditions.

5.5 Flutter Analysis of a NACA 64A010 Airfoil Scaled-Down to 8.9%
Maximum Thickness - Chord Ratio

An airfoil obtained by scaling down the thickness of the NACA 644010 airfoil

configuration by 11% is investigated. For simplicity, this model will be termed

as "scaled-down conventional model." As shown in Figure 2, this model has a
configuration very much alike the MBB A-3 airfoil without camber. Both models
have the same maximum thickness-chord ratio. A study of the airfoil profile

equations shows that the latter has a slightly blunter nose than the former.
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Figure 21. Effect of Position of Elastic Axis on Flutter Speed for Three Plunge-

to-Pitch Frequency Ratios for Airfoil Comparison at M = 0.765 and
a = 0.42° (by LTRANZ).
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Figure 22. Effect of Position of Elastic Axis on Flutter Speed for Four Plunge-

to-Pitch Frequency Ratios for Airfoil Comparison at M = 0.765 and
a = 0.75° (by STRANS2/UTRANS2).
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The purpose of this section is to study and compare the aerodynamic and

flutter characteristics between the scaled-down conventional model with
"conventional" variation of thickness and the MBB A-3 model without camber
but with "supercritical” variation of thickness.

For clarity of presentation and simplicity of comparison, the aerodynamic
and flutter results for the scaled-down conventional model are plotted
together with those obtained for the MBB A-3 airfoil and MBB A-3 airfoil
without camber (Figures 15-22). This study was carried out for M_ = 0.765

and o = 0.42° and 0.75° for LTRAN2 and STRANS2/UTRANS2, respectively.

5.5.1 Steady Pressure Curves

The curves for steady pressure distribution obtained by the programs
LTRAN2 and STRANSZ for the scaled-down conventional model are shown in
Figures 15 and 16, respectively, so that they can be compared with those for
the MBB A-3 airfoil without camber.

Both figures show that the steady pressure distribution curves are very
similar between the two models. However, the upper pressure curves for the
MBB A-3 airfoil without camber present a small bump near the leading edge,

probably due to the blunter nose.

5.5.2 Unsteady Aerodynamic Coefficients

The results for the unsteady aerodynamic coefficents for the scaled-down
conventional model pitching about the 1/4-chord axis obtained by LTRANZ and
UTRANSZ are given in Tables 4 and 5, respectively, so that they can be compared
with those obtained for the MBB A-3 airfoil without camber.

Due to the close resemblance in configuration between the two models,

both tables show that the unsteady aerodynamic coefficients are almost the




same between the two models.

5.5.3 Flutter Results

The results of flutter analysis for the MBB A-3 airfoil with and without
camber have been presented in Fiqures 17-22 for various aeroelastic parameters.
The corresponding results obtained for the scaled-down conventional model are also
shown in Figures 17-22 for comparison.

Because the scaled-down conventional model and the MBB A-3 airfoil without
camber htiave very similar configurations and nearly the same unsteady aerodynamic
coefficients, the flutter curves obtained for the two models are in very close
agreerent in all figures (17 to 22). Thus it may be concluded that the super-
critical thickness variation of the MBB A-3 airfoil without camber does not
appear to affect the aeroelastic characteristics as compared to the conventional

thickness variation.

5.6 Flutter Analysis of the MBB A-3 Supercritical Airfoil at a = 0° with
Various Mach Numbers

Studies conducted earlier for several airfoils (see, for example, References
16, 17, and 20) have shown that the curve for flutter speed versus Mach number
exhibits a dip in the transonic regime. In this section, such transonic dip
phenomenon is investigated for the MBB A-3 supercritical airfoil oscillating at
zero mean angle of attack. Both programs LTRAN2 and STRANSZ2/UTRANSZ were used
and the results were compared. The Mach numbers considered were 0.7, 0.72, 0.74,

0.765, and 0.78, respectively.

5.6.1 Steady Pressure Curves
Figures 23 and 24 show the pressure distribution curves on the upper and

lower surfaces for the MBB A-3 supercritical airfoil at five different Mach
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numbers (0.70, 0.72, 0.74, 0.765, and 0.78) obtained by LTRAN2 and STRANSZ,
respectively.

In both figures, the pressure curves on the upper surface grow rapidly
with the increase in Mach number. On the other hand, the pressure curves on
the lower surface change relatively much less with the increase in Mach
number.

In both figures, the shocks start to develop at Mach numbers between 0.74
and 0.765. The shocks obtained by LTRAN2 as shown in Figure 23 are stronger
thar ‘w2 obtained by STRANSZ as shown in Figure 24. The shocks in Figure
23 are closer to the trailing edge than those in Figure 24. The discrepancies
in the pressure curves between the two figures are most pronounced at M_ = 0.78.
Such discrepancies result in differences between the unsteady aerodynamic

coefficients obtained by the two programs.

From both figures it can be concluded that both the steady 1ift and moment
coefficients increase with the increase in Mach number. The steady moment

coefficients increase more rapidly than the steady 1ift coefficients.

5.6.2 Unsteady Aerodynamic Coefficients

Table 6 shows the unsteady aerodynamic coefficients obtained by using
LTRANZ for the MBB A-3 supercritical airfoil pitching about the quarterchord
axis. The Mach numbers considered were 0.7, 0.72, 0.74, 0.765, and 0.78, res-
pectively, and the reduced frequencies kc considered were 0.05, 0.10, 0.15,
and 0.2, respectively. Table 7 shows the corresponding results obtained by
UTRANS2. The reduced frequencies considered were 0.0, 0.05, 0.10, 0.15, and
0.2, respectively.

The agreement between the two tables is better at Tower Mach numbers. The

discrepancies are largest at M_ = 0.78. As explained earlier, such discrepancies
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Table 6 Aerodynamic Coefficients for MBB A-3 Airfoil for Various Mach
Numbers at o« = 0.0° by Time Integration (LTRAN2) with 79x99 - Grid

Reduced Frequency (kc)

0.05 0.10 0.15 0.20

Mach
Number

Real| Imag.| Real] Imag.| Real| Imag.| Real| Imag.

0.700 | 0.061| 0.462; 0.184| 0.868] 0.360! 1.215| 0.556] 1.569
c 0.720 | 0.077; 0.483| 0.215| 0.897| 0.404| 1.244] 0.592| 1.543
0.740 | 0.095; 0.515| 0.278| 0.937| 0.493] 1.283| 0.700{ 1.572
0.765 | 0.171| 0.636} 0.422| 1.100] 0.724| 1.420| 0.881| 1.728
0.780 { 0.569) 0.783] 1.024{ 1.079{ 1.308| 1.241] 1.529] 1.306

0.700 | 9.246|-1.217| 8.677(-1.844| 8.097|-2.398| 7.845|-2.778
c 0.720 | 9.652|-1.529| 8.971|-2.154| 8.296|-2.696| 7.717(-2.962
0.740 |10.296(-1.908| 9.374|-2.777| 8.552{-3.283| 7.862|-3.500
0.765 [12.724|-3.409|11.001|-4.223| 9.469|-4.825| 8.642|-4.403
0.780 |15.654(-11.373{10.794(-10.243| 8.276{-8.721| 6.531|-7.647

0.700 | 0.002}-0.003] 0.006(-0.007| 0.011}-0.012| 0.018|-0.020
c 0.720 | 0.003}-0.003| 0.007|-0.008| 0.014(-0.015( 0.020|-0.025

m,
3
0.740 | 0.003|-0.005| 0.008{-0.012} 0.016(-0.022] 0.024|-0.036
0.765 {-0.008/-0.038{-0.015|-0.071{-0.022{-0.103|-0.029|-0.136

K 0.780 |-0.117|-0.144{-0.212|-0.172|-0.274|-0.178|-0.321{-0.164

0.700 |-0.057|-0.037|-0.069|-0.056{-0.083|-0.075|-0.099{-0.089
C 0.720 |-0.062|-0.050{-0.077(-0.074{-0.101{-0.091(-0.126{-0.102

0.740 |-0.091|-0.059/-0.115{-0.083(-0.146{-0.106|-0.182(-0.118

0‘.

0.765 |-0.763| 0.162{-0.706( 0.150{-0.686| 0.146(-0.630| 0.145
0.780 |-2.879| 2.331|-1.719| 2.122{-1.185| 1.824|-0.818] 1.606

69




Table 7 Aerodynamic Coefficients for MBC A-3 Airfoil for Various Mach
Numbers at o = 0.0° by Harmonic Analysis (UTRANS2) with 71x74 -Grid

s Reduced Frequency (k]

'Eé;é 0.0 0.05 0.10 0.15 0.20
Real !Imag. Real] Imag.]| Real{ Imag. Real| Imag.| Real! Imag.
0.700 | 0.0 0.0]0.045| 0.448 | 0.170]1 0.793{ 0.337] 1.093}| 0.517| 1.323
' CR@ 0.720 { 0.0 0.010.060| 0.456 : 0.195| 0.818) 0.379] 1.116; 0.579} 1.323
R 0.740 | 0.0 0.0]0.068| 0.475] 0.229{ 0.850] 0.437] 1.138} 0.648| 1.327
0.765 0.0 0.0]0.089{ 0.521| 0.260| 0.900] 0.523| 1.185| 0.772| 1.288
0.780 | 0.0 0.0]0.102| 0.515] 0.311{ 0.877] 0.557{ 1.105] 0.74G| 1.204
0.70019.205} 0.0 9.096)-0.560) 7.971|-1.598| 7.334]-1.869} 6.749]-1.964
CQ 0.720 1 9.598 | ¢.0{ 8.961|-1.230| 8.185|-1.803| 7.469(-2.118} 6.802}|-2.202
: I0.740 10.233| 0.0 9.400-1.4501{ 8.4871-2.130( 7.631(|-2.441| 6.864(-2.499
E0.765 11.2211 0.0110.1411-1.,9491 8 8431-2.801 7.6671-3.060] 6.710}-2.970
0.780(11.244( 0.0 9.975|-2.047 | 8.664-2.824| 7.522]-3.068{ 6.514(-3.058
0.700; 0.0 0.0} 0.062|-0.008 0.008(-0.017| 0.016)-0.029| 0.026(-0.042
'Im(S 0.720] 0.0 0.0 0.002}-0.009 0.009|-0.018} 0.018]|-0.030f 0.028{-0.045
!0.740 0.0 0.0 0.003|-0.009| 0.010(-0.019} 0.020|-0.033¢1 0.030(-0.050
§0.765 0.0 0.0]10.003|-0.015} 0.010}4-0.031 0.017[-0.053} 0.020}-0.076
) ;0.780 0.0 0.0 }-0.003}-0.034 |-0.008}-0.063|-0.015|~0.090{-0.027|-0.112
50.700 -0.168) 0.0 }-0.171{-0.082]-0.175(-0.135]-0.188|-0.,197}-0.202|-0.253
‘ Cma 0.720/-0.170| 0.0 -0.172{-0.074-0.182|-0.145}-0.199(-0.209(-0.216}-0.266
0.740|-0.1701 0.0 }-0.173}-0.083 |-0.189]-0.161|-0.211|-0.229}-0.235{-0.288
i g 0.765/-0.311| 0.0 (-0.307|-0.074 |-0.319(-0.148}-0.340{-0.212}|-0.365|-0.265
0.780{-0.720| 0.0 {-0.663| 0.025(-0.625}-0.002{-0.601}-0.037}-0.587|-0.054




may be attributed to: (1) the basic difference in steady pressure curves;
(2) different assumptions; and (3) different finite difference schemes.

The magnitudes of both the 1ift and moment coefficients obtained by both
methods increase with the increase in Mach number. The rate of increase for
the moment coefficients is higher than that for the 1ift coefficients. The
rate of increase of both 1ift and moment coefficients shown in Table 6 is
higher than that shown in Table 7. This may be due to the fact that the

shock obtained by LTRANZ grows faster than the shock obtained by UTRANS2.

5.6.3 Flutter Results

Based on the unsteady aerodynamic coefficients obtained in Tables 6 and
7 for the five different Mach numbers, flutter anlaysis was performed for the
MBB A-3 supercritical airfoil. The emphasis was to investigate the effect of
Mach number on flutter speed for various values of aeroelastic parameters.

Figure 25 shows two sets of curves for flutter speed and the corresponding
reduced frequency versus Mach number for four different values of the parameter
for the position of mass center (xa = 0.3, 0.4, 0.5, and 0.6, respectively).
One set is associated with the time integration method and the other set is
associated with the harmonic method. The values for the airfoil-air mass
ratio u, plunge-to-pitch frequency ratio wh/wa’ and the parameter for the
position of the elastic axis 3y, were assumed as 100, 0.1, and -0.5, respectively.

For the cases X, = 0.3 and 0.4, the flutter speeds at M_ = 0.78 are not
obtainable from LTRANZ. This difficulty is expected as one observes Fig. 4 for
M =0.765. It is seen that the flutter speed increases drastically as the
mass center approaches the elastic axis or as X, becomes smaller. The lower

“1¢ of X for obtaining a meaningful flutter speed becomes higher than 0.4

o =078,
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Figure 25. Effect of Mach Number on Flutter Speeg for Four Positions of Mass
Center for MBB A-3 Airfoil at o = 0.0".
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It is seen in Figure 25 that the flutter speed increases as the mass
center approaches the elastic axis or as Xy decreases. All curves for
flutter speed present a dip phenomenon. This phenomenon appears to be more
pronounced as the mass center moves toward the.e1astic axis. A1l the
corresponding reduced frequencies are well within the valid range of the two
computational methods and programs.

The two sets of curves illustrate similar trends. However, the flutter
speeds obtained from the harmonic method are higher than those obtained
from the time integration method. The agreement between the two sets of
curves is better when the mass center is farther away from the elastic axis.
This conclusion has been observed previously in the curves for flutter speed
versus X (see, for example , Figure 4). The agreement between the two sets
of curves beccmes worse at higher Mach numbers. This is due to the difference
between the two sets of unsteady aerodynamic coefficients given in Tables 6
and 7. The curves obtained from UTRANSZ present a more pronounced dip than
the curves obtained from LTRANZ.

Figure 26 shows two sets of curves for flutter speed and the corresponding
reduced frequency versus Mach number for three different values of airfoil-air
mass ratio (v = 100, 200,and 300, respectively). The two sets of
curves are associated with the two different computational methods. The values for
the other aeroelastic parameters X, p» and wh/wa were assumed as 0.5, -0.5,and
0.1, respectively.

The two sets of curves agree well. The flutter speeds increase with the
increase in airfoil-air mass ratio pu. All curves for flutter speed present
a dip phenomenon. The shapes of the dip are fairly similar for all three u

values. A1l corresponding reduced frequencies are well within the valid range
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of the two computer programs.

Figure 27 shows two sets of curves for flutter speed and the corresponding
reduced frequency versus Mach number for two different values of plunge-to-pitch
frequency ratio (wh/wa = 0.1 and 0.2, respectively). The two sets are associated
with the two different computational methods. The values for the other aero-
elastic parameters u, Xy and ap were assumed as 100, 0.5, and -0.5, respectively.

It is seen in Figure 27 that the flutter speed curves for the case wh/wa =
0.1 are higher than those for the case wh/wa = 0.2. The two sets of curves,
obtained from LTRANZ and UTRANSZ2, illustrate similar trends. The flutter
speed for wh/ma = 0.2 and Ma = 0.78 is not obtainable from LTRAN2 data. This
is due to the fact that the value of reduced frequency kC corresponding to the
flutter point is beyond the valid range of LTRANZ.

The curves demonstrate the dip phenomenon in the transonic regime. This
phenomenon is more obvious in the case wh/wa =0.1.

Figure 28 shows two sets of curves for flutter speed and the corresponding
reduced frequency versus Mach number for two different positions of elastic
axis (ah= -0.1 and -0.5, respectively). The two sets of curves are associated
with the two different computational methods. The aerocelastic parameters Xy
u,and wh/wOt were assumed as 0.5, 100, and 0.1, respectively.

It is seen in each set of curves that when the position of elastic axis is

varied from a, = -0.1 to a, = -0.5, there is not much change in flutter speed.

h
The level of agreement between the two sets of curves is similar to that
observed in Figures 25 to 27. A1l the values for the corresponding reduced
frequencies are well within the valid range of the two computer programs.
A11 the curves in Figure 28 show that the flutter speed dips in the

transonic regime.
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SECTION VI
CONCLUDING REMARKS

The purpose of this research was to study the flutter behavior of the

e

MBB A-3 supercritical airfoil oscillating with two degrees of freedom in
small-disturbance, unsteady transonic flow. Two computer programs, LTRAN2
based on a time integration method, and STRANSZ2/UTRANS2 based on a harmonic
analysis method, were used to compute the aerodynamic coefficients for flutter

. analysis. For zero mean angle of attack, the results obtained from both

methods were directly compared.

i T A e 6 S . 1 e e

For the design conditions of M_ = 0.765 and an angle of attack that gives
a steady 1ift coefficient of C, = 0.58, the aerodynamic and flutter results

obtained for the MBB A-3 airfoil were compared to those for a MBB A-3 airfoil

without camber, and to those for a NACA 64A010 airfoil scaled down to 8.9%
thickness-chord ratio.

The influence of Mach number on flutter speed was studied for the MBB A-3
airfoil at zero mean angle of attack and the transonic dip phenomenon was
observed.

As a result of this study, the following concluding remarks may be made:

\1) At the free stream Mach number of 0.765 and zero mean angle

of attack, the results for the steady pressure curves, unsteady
aerodynamic coefficients, and the flutter speed curves obtained
for the MBB A-3 supercritical airfoil based on the two separate

computer programs LTRANZ and STRANS2/UTRANSZ are, in general,

4
in reasonably good agreement.

(2) Within the range of values assumed for all the parameters, it was
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(5)
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found that removal of the camber from the MBB A-3 supercritical
airfoil generally decreases the flutter speed.

The aerodynamic and flutter results obtained for the MBB A-3 airfoil
without camber and those obtained for the conventional NACA 64A010
airfoil scaled down to 8.9% thickness-chord ratio are almost

the same.

For the case of zero mean angle of attack and for the range of
values assumed for the aeroelastic parameters in this study,

it was found that all the curves for flutter speed obtained for

the MBB A-3 supercritical airfoil showed a dip phenomenon

in the transonic regime.

This study shows that the transonic codes LTRANZ and STRANS2/UTRANS2
can be efficiently used to obtain aerodynamic coefficients for
flutter analysis of an airfoil with supercritical configuration
such as MBB A-3. However, considerably more computing time is
required for the analysis of a supercritical airfoil (e.g. MBB A-3)
than for that of a conventional airfoil {e.g. NACA 64A010).

The discrepancies found between the pressure curves obtained

from the two separate programs may be due to the differences in
mesh size and in the manner the shocks are treated between the

two programs. The differences in steady pressure results contribute
to the disagreement in unsteady coefficients, as the steady results
are used as input for the unsteady computations in both programs.
Due to the low-frequency approximation used in LTRAN2, the reduced
frequencies kc considered in all of the cases were Timited to

be not more than 0.2. Although the low-frequency approximation
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was not used in UTRANS2, convergence difficulty was encountered
for higher reduced frequencies. Thus the reduced frequencies
for UTRANSZ were also limited to be not more than 0.2.

(8) As convergence and accuracy both deteriorated with increase in
transonic Mach number and reduced frequency, the highest
reasonable Mach number that could be considered in this study
was 0.78.

! (9) For a more complete understanding of the transonic flutter

behavior of supercritical airfoils, the present limitations

on low reduced frequency and low transonic Mach numbers must

be relaxed. Improvements in both computer codes are needed.

(10) Extension of the present 2-D transonic analysis to account i

.

for the 3-D case is needed in order to study more practical

cases of full wing flutter.

P o

(11) Experimental pressure data and flutter trends are needed to

verify the present anaiytical results.
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